Abstract-Ground-based synthetic aperture radar (GB-SAR) sensors represent a cost-effective solution for change detection and ground displacement assessment of small-scale areas in real-time early warning applications. GB-SAR systems based on stepped linear frequency modulated continuous wave signals have led to several improvements such as a significant reduction of the acquisition time. Nevertheless, the acquisition time is still long enough to force a degradation of the quality of the reconstructed images because of possible short-term variable reflectivity of the scenario. This reduction of the quality may degrade the differential interferometric detection process. In scenarios where interesting targets are surrounded by vegetation, this is normally related to atmospheric conditions, in particular, the wind. The present paper characterizes the effect of the short-term variable reflectivity in the GB-SAR image reconstruction and evaluates its equivalent blurring effect, the decorrelation introduced in the SAR images, and the degradation of the extracted parameters. In order to validate the results, the study assesses different GB-SAR images obtained with the RISKSAR-X sensor, which has been developed by the Universitat Politècnica de Catalunya.
I. INTRODUCTION

D
ATA retrieved from orbital synthetic aperture radars (SARs) have been used during the last decades to monitor deformation episodes in large-scale areas of observation by means of differential SAR interferometry [1] , [2] . An alternative strategy to monitor small-scale areas is based on ground-based SARs (GB-SAR), which are increasingly being used as early warning systems [3] , [4] . The main differences between GBSARs and classical orbital or airborne SARs are the way the aperture is synthesized, the transmitted signal waveform and its power. In GB-SARs, the radar sensor is placed on a mechanical platform of linear displacement, transmitting a triangular FMCW signal of few watts of the output power. Despite its flexibility in terms of rapid deployment and easy operability, some limitations have to be considered, as the reduced length of the aperture that could degrade the cross-range resolution or the long scanning time. High rate stepped linear frequency modulated continuous wave (SLFM-CW) GB-SAR sensors are capable to perform faster scans, reducing the scanning time in the order of seconds. This reduction has led to important improvements in GB-SAR performances for the monitoring of surface deformations by means of coherence maps analysis and persistent scatterer interferometry. An example of such systems is the experimental polarimetric RISKSAR-X sensor developed by the Remote Sensing Laboratory, Universitat Politècnica de Catalunya (UPC) [5] - [7] . Even though the scanning time has been reduced, it is still long enough to take into account the reflectivity changes in the scenario during the scan time. Some alternatives to GB-SAR systems based on mechanical movement can be found in the literature, such as the new generation of GB-SARs based on MIMO technology [8] - [10] , which are a promising solution that, by increasing the technological complexity of their architecture, can drastically reduce the scan time.
As it has been pointed out in different experiments and studies [11] - [13] , the changes in the scenario might be related to the wind, which may modify its reflectivity in short periods of time if the observed area contains or is surrounded by vegetation [14] . As a result, the quality of the focused images and the extracted parameters is degraded. Some examples of studies performed with GB-SARs in this kind of scenarios can be found in the literature [15] - [19] .
The purpose of the present paper is to identify and to understand the phenomena that may reduce the GB-SAR system performances by evaluating the retrieved data, such as coherence and interferometric phase maps. Besides, it is intended to provide a mathematical description of the image blurring by means of the study of the cross-range focusing. The present study takes into account the limited aperture length and the time to perform an acquisition by the GB-SAR. Some of the conclusions presented could be directly applicable to other types of SAR systems, either airborne or orbital.
This paper is organized as follows. Section II presents the main characteristics of the GB-SAR system used in the measurement campaign. Section III is intended to provide a mathematical description of the cross-range focusing process in the GB-SAR and also to justify the effects observed in the retrieved images. In Section IV, a general description of the test site and the dataset employed in this study is given. In Section V, the experimental results are presented. The main conclusions and major remarks of the work are exposed in Section VI.
II. RISKSAR-X SENSOR
The instrument employed for the measurements is the RISKSAR-X GB-SAR sensor. It has been used in different applications, such as the monitoring of rock falls in the Montserrat mountain (North-Eastern Spain), the characterization of urban subsidence in Sallent (North-Eastern Spain), or the monitoring of landslides in Canillo (Andorra) [20] , [21] . Its characteristics are summarized in Table I and the block diagram of the system architecture is an evolved version of the one presented in [5] . The system operates with a triangular SLFM-CW ramp signal generated by a direct digital synthesizer that is up-converted to the desired frequency by an active frequency multiplier. The transmitted power is delivered by a solid state power amplifier. The receiver unit consists of two parallel low-noise chains with a direct zero-IF demodulator, where a sample of the transmitted signal is used as a local oscillator.
The sensor is fixed on a linear motion unit and operated in a StripMap mode. The scanning technique can be of two types: stop&go (S&G) and on-the-fly (OtF). The S&G operation mode divides the aperture length in different fixed, equally spaced positions where the sensor stops and takes an averaged measurement. This technique is the one used by the first GB-SAR systems and implies the need of several minutes to synthesize a 2 m length aperture. In the OtF operation mode, the sensor is measuring continuously, while the linear unit performs the aperture in a few seconds. This operation mode is analogous to the one used in modern GB-SARs [22] . In both cases, it is important to distinguish between the scanning time and the observation time. The observation time is the effective time in which the radar is illuminating the scenario and is related to the total amount of energy transmitted, while the scanning time is the time that the system takes to perform the total aperture. The OtF operation mode has the same observation time and scanning time, but the S&G mode does not. In our particular case, the S&G mode has the same observation time as that of the OtF mode, i.e., same energy transmitted, but the scanning time is higher due to the computation of the averaging process and the mechanical stop-go-stop movement of the platform. This is of great importance because both modes of operation theoretically have the same signal-to-noise ratio (SNR), but the S&G mode is much more affected by the short-term variable reflectivity introduced by moving scatterers, such as the movement of the vegetation, as it is demonstrated in Section V.
The SAR focusing technique is based on the back-projection algorithm (BPA) [23] . The received base-band signal, after the deramping process, is a range compressed by a simple fast Fourier transform. The azimuth focusing by the BPA algorithm, despite its high computational cost, offers a high degree of flexibility with extended images from arbitrary synthetic aperture lengths. The range resolution of the RISKSAR-X is approximately 1.5 m and the cross-range resolution ranges from 0.75 m at near range up to approximately 10 m at the far range.
III. MATHEMATICAL DESCRIPTION OF THE CROSS-RANGE BLURRING EFFECT AND THE REDUCTION OF COHERENCE
To understand and to quantify the effect in the image reconstruction process of having vegetation with short-term variable reflectivity surrounding the area of interest, the mathematics of the cross-range focusing process has been reformulated. The simplified expression of the transmitted signal in a SAR system working with FM-CW chirp signals is
where ω 0 = 2πf 0 , f 0 being the carrier frequency; α is the signal chirp rate; and t is the rapid time related to the propagation of the signal. The rectangular function a(t) can be expressed as
where a (t) = 1 for 0 < t < T p and zero otherwise, and T p is the chirp duration. The complex reflectivity function Γ describing the scenario depicted in Fig. 1 , where it is considered a single point scatterer with variable reflectivity between different transmitted chirps, can be written as 
where v is the speed of the linear unit and the slow time u = T PRF · m. In case of S&G mode operation, T PRF and v have to be readjusted to an equivalent longer T PRF eq and slower v eq , which takes into account the temporal averaging and the slower motion velocity. The normalized received signal from the illuminated scenario can be expressed as the convolution between (1) and (3), s T * Γ(t, m) as follows:
The transmitter and receiver move along the y-axis, as shown in Fig. 1 . The round trip delay τ 0 (m) can be expressed as
where the scatterer position (R OS (m), θ OS (m)) can be defined as
where (R OS ,θ OS ) is the nominal position of the scatterer and ΔR OS (m) and Δθ OS (m) are the variation in the position of the scatterer during the slow time u. In a dechirp-on-receive system, the received and transmitted signals are directly mixed [24] . The mixing process generates a zero IF frequency signal that is low-pass filtered
Notice that the dependence with the transmitted power, antenna gain, receiver power gain, and propagation losses is not included for simplicity. The range compressed version of the received signal is the Fourier transform of s IF in rapid time
where A(ω) is the Fourier transform of a(t)
If it is assumed that the energy is mainly around the maximum in the point spread function, which can be expressed as ω = −ατ 0 (m), the term e −j (ω +ατ 0 (m ))·τ 0 (m ) in (8) can be neglected. In our particular case, the chirp duration is 0.16 ms, so it can be assumed that the range compressed signal is not affected by moderate disturbances and the impulse response is preserved (static target approximation). After the range compression, the cross-range image reconstruction is performed by means of the BPA. Any pixel p(R, θ) of the image is reconstructed as follows:
where τ (m) is the round trip delay, ω is a function of R by means of ω = α · τ (m), and M is the total number of antenna positions or transmitted chirp periods along the aperture. Indeed, (10) corresponds to the matched filter for a given pixel at (R, θ), i.e., the convolution of the received signal with the complex conjugated of the expected response for a given pixel. The expression of the p(R, θ) function can be employed to find the equivalent cross-range response of the GB-SAR. Assuming that there is only one scatterer located at (R OS , θ OS ), the reconstructed pixel p(R OP , θ) along the θ-axis can be evaluated A(ω + ατ 0 (m)) is constant during the evaluated scanning time. This is equivalent to assume no range cell migration in the cross-range dimension, which is a feasible approximation if the total aperture length is a fraction of the scatterer range.
The reconstructed pixel in (11) can be expressed as
Assuming that the pixels under study are at the same range as the scatterer R OP =R OS , the expression of (12) can be rewritten as
where the term
can be expressed as
Substituting (14) into (13) and assuming thatR 2 OS ΔR OS (m) yield the simplified expression
Taking into account that for longR OS the equivalent angle variation of the scatterer position Δθ OS (m) is negligible, the expression of (15) can be considered as follows:
λ ·Δ R O S (m ) and considering the total length of the aperture L = M · T PRF · v, (16) can be rewritten as
Assuming a new polar coordinate system, the following two variables can be defined:
where the β coordinate is a sinusoidal function of the polar angle θ. Applying the new polar coordinate system, the reconstructed pixel is
where the pixel reconstruction along the equivalent β-axis in (19) has an equivalent expression of a discrete Fourier transform (DFT) of the sequence G(m). In case of having multiple scatterers at the same range R and different β OS n , the expression of (19) can be rewritten as where N is the total number of scatterers at different angles (different β OS n ). In case of having a stable scatterer, G (m) = constant, the cross-range response along the β-axis is a sinc function and its extension depends on the ratio λ/L. As expected, the cross-range resolution of a GB-SAR depends on the length of the aperture. On the other hand, a moving scatterer means that G(m) = constant and, as it will be demonstrated mathematically and experimentally in Sections III and V, respectively, it implies image blurring and decorrelation between images due to the movement of the vegetation.
A. Image Blurring Characterization
Starting from the mathematical description developed previously, the present section studies the blurring effect in the retrieved SAR images. The simulations presented in Fig. 2 are intended to provide a graphic illustration of the effect that produces in the single look complex (SLC) images the fact of having moving scatterers with variable complex reflectivity during the acquisition time. As will be shown, the neighboring cells of a moving scatterer may be altered depending on its motion, which could be analogous to have vegetation around the area of interest altering the pixels under study. Taking advantage of the similarity of the pixel reconstruction to a DFT, the qualitative effect of a moving scatterer in slow time can be studied by means of the mathematical description presented in this section. Fig. 2(a) shows the simulation along the β-axis of (20), where two static scatterers are located atθ OS 1 = 45
• andθ OS 2 = 55
• . As expected, two sinc functions are obtained. Thus, for this particular case, the reconstructed pixel in (20) can be expressed as
where G perm1 (m) and G perm2 (m) are constant during the aperture, generating the two sinc functions centered at β OS perm1 and β OS perm2 , respectively. In another way, the case of considering one scatterer that presents a short oscillating periodic movement in the range direction is particularly interesting. The recovered complex reflectivity of the associated pixel, and also the reflectivity of neighboring pixels, will be affected in amplitude and phase. Fig. 2(b) shows the result of two simulated scatterers; scatterer 1 is a static target, while scatterer 2 presents a sinusoidal motion in the range with a period shorter than the total time of the acquisition. The phase φ periodic (m) of the complex reflectivity of scatterer 2 has been modeled as a sinusoidal function. It can be observed, as it was pointed out in [25] , that this range motion has an equivalent phase modulation in the complex reflectivity that introduces replicas along the β-axis. This causes the appearance of nonexisting scatterers (ghost scatterers) in the SLC image. Since the reflectivity map is changed due to the apparition of ghost scatterers, which depends on the periodic movement of the scatterer during the acquisition time, the coherence maps may be modified. In practice, this may provoke an alteration in the number of coherent pixels. In this case, (20) can be rewritten as
where the term G perm (m) is constant during the aperture, while the term
λ ·Δ R O S p e r io d ic (m ) varies with the movement of scatterer 2. Thus, the reconstruction of a pixel associated with a scatterer can be expressed as the sum of the response of the desired scatterer and an interference signal is(β − β OS periodic ), which is the result of a phase modulation in the frequency domain that introduces spatial replicas in the SLC image. The separation of the replicas depends on the periodic movement of the target during the acquisition time.
In contrast, in case of nonperiodic motion scatterers, the complex reflectivity of moving scatterers in a resolution cell can be modeled as a Brownian motion affecting to its amplitude and phase [26] . Nevertheless, if the scatterer presents a stochastic motion during slow time u, the amplitude σ(m) and phase φ(m) of the reflectivity will be modified, not only affecting the resolution cell but also the neighboring cells at the same equivalent range. This means that the fact that neighboring cells are affected may introduce a blurring effect in the cross-range direction. Fig. 2(c) shows two simulated scatterers; scatterer 1 is a static target, while scatterer 2 presents a random motion in slow time, and its complex reflectivity σ random (m)e j φ r a n d o m (m ) has been modeled as a stochastic process. The energy tails of scatterer 2 have been increased because of its inherent stochastic motion. This causes the blurring effect in the cross-range of the SLC images due to the dispersion of the energy along the β-axis. It is equivalent to the effect of defocusing and blurring in SAR images for scenarios with oceanic waves [27] . This effect is only present in the cross-range direction because in a GB-SAR the Doppler bandwidth of the system is on the order of tens of Hz, which is comparable to the frequency spreading of the energy of moving scatterers. On the contrary, the increment in frequency that justifies a change of the cell in the range direction is on the order of tens of kHz, which is too high compared to the frequency spreading of the energy of moving scatterers. Besides, as the observed reflectivity is the sum of the contributions of all the scatterers (in this case scatterers 1 and 2), the energy dispersion implies that adjacent cells in the same range, although being associated with static scatterers, will show a variable reflectivity between consecutive images. This provokes time decorrelation and, in consequence, a reduction of the coherence between the cells. It can be appreciated in the simulation in Fig. 2(c) , where a reduction in the main lobe of the static scatterer is observed by comparing the blue and the green lines. Consequently, a decorrelation between images arises and degradation in the coherence maps between consecutive images can be observed.
For the case of having a permanent scatterer and a scatterer that moves randomly, (20) can be expressed as 
where G random (m) = K random σ random (m)e j φ r a n d o m (m ) · e j uncorrelated interference signal is (β − β OS random ) along the β-axis, which is related to the cross-range frequency spreading.
Finally, Fig. 2(d) shows the case in which scatterer 2 is a distributed target, consisting of different elements inside the resolution cell that move randomly during the acquisition time. This is analogous to the example shown in Fig. 2(c) and (23), where the amplitude σ random (m) and phase φ random (m) of the reflectivity are modeled stochastically, but in this case, the complex reflectivity is modeled as the sum of the complex reflectivities of the different elements inside the resolution cell
is (β − β OS r a n d o m ) (24) where K is the number of elements in the resolution cell that conform the distributed scatterer.
B. Image Decorrelation Characterization
The decorrelation between images, which is introduced by the fact of having a short-term variable reflectivity during the acquisition time, is analyzed in this section by means of the complex coherence. The complex coherence is defined as the correlation coefficient of two SAR images S 1 and S 2 [28] 
where E{x} is the mathematical expectation of x and * is the complex conjugate. The magnitude of (25) |γ| is called coherence, and its argument is the effective phase difference between reflectivity maps. The simplified expression for the differential interferometric coherence has to include a new term γ blur to take into account the blurring effect
The term γ other takes into account other decorrelation factors as exposed in [29] and γ t considers the changes in the backscattered signal due to different instants of measurement. The thermal noise contribution γ th depends on the SNR and γ blur accounts for the cross-range image blurring. As γ th is negligible because of the high power transmitted and the reduced dimensions of the illuminated scene [30] , the degradation of the coherence γ can be related to the temporal decorrelation occurred between different acquisitions and the blurring effect in the cross-range direction during the scanning time. Assuming that the scenario has not changed during the short period of time between measurements, which means that there is no temporal decorrelation between images, the blurring effect γ blur is, in our case, mainly responsible for the decorrelation between images and the largest contributor to the degradation of the coherence. This term, in contrast with γ t , shows a correlation with the wind conditions. Besides, as shown in Fig. 2 and assessed from (20) , the effect of energy spreading along the cross-range axis can be considered as an interference signal, which is assumed totally uncorrelated with respect to the signal from the cell under study. In this case, the correlation between the response of two signals z 1 = s and z 2 = s + is, where s is the signal and is the interference signal, can be evaluated as (27) where SIR e = E{s 2 }/E{is 2 } is the signal to interference ratio and s is uncorrelated with the interference signal is. It can be seen from (27) that the higher the equivalent interference of the adjacent cells, the lower the SIR e , which implies a reduction of γ blur .
To assess the image blurring effect, the study of the evolution of the decorrelation along a temporal sequence of acquisitions constitutes the subject of the measurement campaign presented in Section V. The appearance of ghost scatterers and the crossrange blurring effect introduced by the motion of the scatterers is also analyzed in that section.
IV. TEST SITE DESCRIPTION AND DATASET
The test site is the Eastern side of the Collserola hill, surrounding the city of Barcelona, Spain (41°230N, 2°060E). It is a heterogeneous scenario including prominent scatterers, low vegetation, and wooded and urban areas, see Fig. 3 . The yellow lines define the observable area with an extension of roughly 1.2 × 1.5 km 2 . The UPC GB-SAR sensor was operated in two different modes, S&G and OtF modes, performing measurements of different scanning times. A sequence of 68 measurements was acquired from 18:00 h local time in July 26th to 18:00 h in July 27th with a time step of 40 min. Each measurement was composed of three different scans with an aperture length of 2 m. The first scan was performed in the OtF mode with a duration of 6 s and the following two scans were performed in the S&G MID and S&G SLOW modes with a duration of 60 and 600 s, respectively. It has been ensured that the three different scans have the same total transmitted energy.
During the measurement campaign, the weather conditions were typical of the summer season in the west Mediterranean. The most important atmospheric parameters are presented in Fig. 4 : temperature, relative humidity, and mean wind speed. Two periods of strong wind together with high temperatures and low humidity can be noticed.
V. EXPERIMENTAL RESULTS
In this section, the most important results of the measurement campaign are presented. They will facilitate the analysis of the blurring effect and the coherence degradation between images pointed out previously. These two main effects, due to moving scatterers in the scenario during the scanning time, have a direct relationship with atmospheric phenomena, concretely the wind.
A. Effect of Oscillating Scatterers in the Retrieved Images
To evaluate the effect in the retrieved images of an oscillating scatterer in the range direction during the scanning time, the behavior of a crane located in the Collserola test site has been studied, see Fig. 3(c) . During the measurements, it evidenced oscillatory movements due to the effect of the wind and normal operation of a flexible structure. The RISKSAR-X sensor was located in a fixed position to perform an equivalent radar cut. The system scanning time was approximately 6 s. Fig. 5(a) shows the spectrogram of the range cut of a measurement where the range cell 434 corresponds to the crane. During the measurement, there was strong wind, which can be noticed by the energy spreading along the frequency axis in the spectrogram. Fig. 5(b) shows a zoom to the range cells corresponding to the crane in the normalized spectrogram. The crane is also spread along the frequency axis due to its motion during the acquisition time. The phase of the pixel of the crane is related to the distance R AS (m) from the sensor to the scatterer as follows:
According to (28) , the evolution during the scanning time of the phase of the range cell of the crane was extracted and evaluated in Fig. 5(c) . The Y-axis has been converted to relative distance in millimeters to show the absolute movement of the scatterer. The retrieved phase reveals that the center of the phase of the pixel associated with the crane was oscillating around 30 mm in the range direction during the scanning time, and hence a sinusoidal curve has been obtained. Fig. 6 shows the obtained SLC image operating the system in the S&G operation mode. The effect of the movement of the crane in the focused image is clearly seen. Since the scanning time is 60 s, the phase of the pixel corresponding to the crane presents several periods of oscillation during the measurement. This introduces a phase modulation in its complex reflectivity that results in the appearance of replicas along the cross-range direction, as illustrated in the simulations in Fig. 2(b) in Section III. The number of replicas and their angular separation depends on the oscillating period of the scatterer with respect to the acquisition time. 
B. Effect of Windblown in the Retrieved Images
In order to evaluate the effect on the quality of the image of the random, short-term variable complex reflectivity σ(m)e j φ(m ) of a generic scatterer, a specific experiment was performed. The RISKSAR-X sensor was again used as a one-dimensional radar using a pair of high directive antennas with equivalent radar beamwidth of approximately 2°. The antennas were pointed toward the wooded area, Fig. 7(a) . The scans were of short intervals of time of roughly 6 s and were performed in different moments of the same day with contrasted wind conditions. Fig. 7(b) and (c) shows the spectrogram of the range cut in two times of the day, with different mean wind speeds of 0.8 and 4.9 m/s, respectively. The normalized spectrogram under higher wind speed presents an important energy dispersion in the frequency domain with respect to the one with lower wind speed, which is consistent with the simulations in Fig. 2(c) in Section III.
The power spectral density (PSD) of the range-compressed signal from two different cells (nos. 351 and 800) is studied under distinct wind conditions. The first cell is identified as a prominent scatterer, while the second corresponds to a vegetated, wooden area. In Fig. 8 , the PSD of these cells is compared with the model for the Doppler spectrum of a windblown radar ground clutter called K-PSD [14] .
The K-PSD model is highly appropriate for characterizing clutter spectra from windblown vegetation. Different PSD shapes are obtained for different values of α, which are related to the movement of the vegetation. The parameter α, which has been adjusted to match the wind strength, controls the scaling of the exponential slope, the shape of the peak, and the global variance of the clutter PSD.
The PSD of both cells in Fig. 8 is quite different. While cell 351 shows a delta shape, as expected for a prominent static scatterer, cell 800 presents an exponential decay response with notable influence of the measurement instant. Both images, Fig. 8(a) and (b) , show the noise floor of the system, and the equivalent frequency bandwidth of the PSD is clearly seen, which is wide enough to ensure a change in the backscatter reflectivity of the cell during the typical scanning time of the GB-SAR.
The energy dispersion of the equivalent reflectivity of these distributed scatterers is wide enough, on the order of tens of Hz, to degrade the focusing process, with an equivalent cross-range blurring effect, as pointed in Section III. The focusing degradation because of the variable reflectivity during the scanning time will be higher if the scenario includes densely vegetated areas that are shaken by the wind. In this case, the main GB-SAR parameters (transmitted power, transmitted signal bandwidth, chirp rate, chirp period, scanning method, and time of observation) must be accurately chosen to minimize the cross-range blurring effect. It is obvious that it is mandatory to reduce the scanning time, but the transmitted energy has to be maintained for having the same SNR.
To assess the effect of the energy dispersion associated with the movement of the vegetation in the final image, a compilation of SLC images is shown in Fig. 9 . These images were obtained under different windblown conditions, with one OtF, and two S&G scans, each with different scanning times. The mean wind speed for the measurements is 2 m/s (light wind) and 8.9 m/s (strong wind), corresponding to measurements 9 and 30 of the dataset. As introduced in Section II, there is a correlation between the scanning time and the blurring effect on the final image. The left column shows SLCs taken with light wind (low temperature and high humidity), while the right column is showing SLCs taken under strong wind (high temperature and low humidity). The best focused image corresponds to light wind and OtF scan, where the contours of different reflective surfaces can be clearly distinguished. On the other hand, a blurred image is obtained under strong wind blow and long aperture time. An indication that the cross-range blurring effect is affecting the quality of the images is the fact that in the SLCs corresponding to strong wind, the energy of the pixels associated with the back side of the mountain is increased when it should remain constant. As marked in the S&G SLOW measurement in Fig. 9(b) , the pixels of the left part of the image beyond 1200 m correspond to a shaded area. By comparing the measurements taken with the two S&G modes, it can be seen that there are no significant differences between them. The relevance of the moment of measurement according to the type of scenario is noticeable. In this case, the scenario contains static high reflective (buildings and urban structures) and distributed scatterers (trees and bushes). Latter scatterers have a short-term variable reflectivity due to the wind during the scanning time, which is normal in scenarios used for GB-SAR applications. Short-term variable reflectivity together with long scanning time strongly increases the image cross-range blurring, as shown in the simulations in Fig. 2 .
C. Coherence Map Evaluation
After analyzing the different SLC images, some temporal differential interferometric images based on the same master image have been generated. The aim was to evaluate how the coherence is affected by the fact of having a scenario with high coherent scatterers surrounded by vegetated areas with shortterm variable reflectivity. Fig. 10 shows the coherence |γ| of six differential interferometric images obtained with the OtF, S&G MID, and the S&G SLOW modes for two different mean wind speeds of 2 and 8.9 m/s. It can be observed that for light wind speed, the number of coherent pixels, the ones that maintain a constant reflectivity over the time, is reduced as the duration of the scanning time increases, overcoat between the OtF and the S&G mode. In the measurements with strong wind speed, the number of coherent pixels has been drastically reduced for the three operation modes. Table II shows a summary of the evolution of the number of coherent pixels for the different operation modes and wind speeds. Table II shows that, for the light wind measurements, the coherence map corresponding to the S&G MID operation mode has a reduction of the 18.28% with respect to the OtF case in the density of coherent pixels with a coherence amplitude greater than 0.6. The S&G SLOW mode has a reduction of 22.39% with respect to the OtF case. For the strong wind, the S&G MID and the S&G SLOW have a reduction of 6.5% and 7%, respectively, with respect to the OtF case. Besides, the measurements under strong wind have a reduction in the number of coherent pixels with respect to the measurements under light wind of 58.8%, 53.2%, and 50.69% for the OtF, S&G MID, and S&G SLOW, respectively. Fig. 11 shows the normalized histogram of the coherence |γ| for two different mean wind speeds and the three different operation modes. It is clearly visible that for light wind conditions, the OtF scan method offers the highest number of pixels with an elevated coherence, while the two S&G scans are almost indistinguishable. On the other hand, with strong wind conditions, the three scanning modes have a similar performance with higher number of pixels with low coherence. Thus, after analyzing the results shown in Figs. 10 and 11 , it has been concluded that for the scenarios containing or surrounded by vegetation and strong wind conditions, the reduction of the scanning time between the tree operation modes is not enough to avoid the blurring effect and the decorrelation between images.
After analyzing the differential interferometric images of the measurements realized during the two days of campaign, Fig. 12 exposes the evolution of the density of pixels in the image with a coherence value over a certain threshold, in this case, 0.6. The plot clearly shows that the density of coherent pixels is higher for Fig. 12 . Superposition of mean wind speed and the evolution of pixel density with coherence higher than 0.6. The highest density is close to the master image. A strong correlation between coherent pixel density and mean wind speed is detected. short aperture times and that there is a strong correlation with the wind. As the test site is in part composed by vegetated areas in which the foliage moves with the effect of the wind, varying their reflectivity, the higher the wind speed during the acquisitions, the lower the number of density pixels with coherence over a certain threshold.
In GB-SAR systems, the effect of the energy spreading along the cross-range of adjacent cells must be taken into account because it can degrade the quality of the retrieved information. This can be seen, for instance, in the reduction of the amount of coherent pixels in the coherence maps. The spreading effect can be explained in terms of the equivalent Doppler bandwidth of the illuminated scene. For long scanning time, the particular geometry of the scenario forces a reduced Doppler bandwidth of a fraction of a cycle, while the equivalent frequency spreading of the variable scatterers is hundreds of Hz. Because of that, these systems are affected by the blurring effect and the decorrelation between images can arise.
The blurring effect is not present in the same way in orbital SARs, but it could be noticeable in airborne SARs, depending on the Doppler bandwidth and the frequency spreading of the energy of the scatterers. In orbital SARs, the equivalent Doppler bandwidth is wider than the energy frequency spreading of deterministic and random moving scatterers. This is summarized in Table III that shows the evaluation of the Doppler bandwidth for a given range resolution as a function of the different SAR topologies.
VI. CONCLUSION
The potentials of GB-SAR sensors to monitor deformation episodes have been demonstrated during the last years. The high stability and flexibility of the sensor platform, in addition to their reduced cost compared to orbital platforms, make them ideal to detect changes in small-scale areas of observation by means of GB-SAR interferometry. Nevertheless, some limitations in the performance of GB-SAR systems must be pointed out. This paper has studied some of these limitations, directly related to the short aperture length together with the relatively long scanning time and the change in the reflectivity of the scenario during the measurement. These changes of reflectivity, due to moving vegetation, can be forced by atmospheric phenomena, concretely the wind. The main effects assessed in the present paper are image blurring, decorrelation, and hence, an important coherence degradation. In this context, it has been concluded that the retrieved information from scenarios surrounded by vegetation can be deteriorated, since pixels associated with moving scatterers alter the reflectivity of neighboring pixels in the same radial range. Taking into account that GB-SAR systems are mainly used to detect and monitor changes in heterogeneous scenarios by means of the coherence maps, the degradation of the quality of these maps is an important drawback that has to be minimized. By means of working with the OtF and S&G operation modes, it has been confirmed that to reduce the blurring effect in the cross-range direction, it is necessary to reduce the scanning time while maintaining the total transmitted energy. Thus, a readjustment of the chirp repetition pulse is mandatory to ensure that the spatial Nyquist criterion is accomplished. Nevertheless, despite an important reduction of scanning time to seconds, under strong wind conditions no improvement is reached, so it is clearly preferable to take measurements under stable atmosphere.
A mathematical description of the GB-SAR cross-range focusing process has been developed, which permitted the analysis and characterization of the effect in the image reconstruction process of having moving vegetation surrounding the area under study. Periodic changes in scatterer reflectivity imply the apparition of cross-range replicas of the scatterer, while the random ones force image blurring and image decorrelation. A new term in the differential interferometric coherence γ blur that takes into account the image blurring has been introduced. This effect can be considered as noise, having a direct dependence with SIR e . It is beyond the scope of this work to characterize the interference signal SIR e as a function of the moving scatterers. In this context, some general explanations of different particular cases have been pointed out.
The RISKSAR-X GB-SAR sensor has been used to experimentally validate the effects of the wind on the retrieved data while measuring scenarios containing urban and vegetated areas. The experimental results have shown a decorrelation at X-band between data acquired at different instants, which implies a decrease of the coherence of the overall image.
Despite technical complexity, new GB-SAR systems based on MIMO represent a promising solution to overcome the windinduced scatterer motion effect on SAR imaging, since they drastically reduce the scan time, being able to synthesize the aperture without mechanical movement of the antennas. Nevertheless, both GB-SAR approaches must be considered as complementary as they may address different applications or needs of final users.
